I-131 is a frequently used isotope for radionuclide therapy. This technique for cancer treatment requires a pretherapeutic dosimetric study. The latter is usually performed (for this radionuclide) by directly imaging the uptake of the therapeutic radionuclide in the body or by replacing it by one of its isotopes, more suitable for imaging. This study proposes to compare the image quality that can be achieved by three iodine isotopes: I-131 and I-123 for Single Photon Emission Computed Tomography (SPECT) imaging, and I-124 for Positron Emission Tomography (PET) imaging. The imaging characteristics of each isotope were investigated by simulated data. Their spectrums, point spread functions and contrast recovery curves were drawn and compared. I-131 was imaged with a HEAP (High Energy All Purpose) collimator while two collimators were compared for I-123: LEHR (Low Energy High Resolution) and ME (Medium Energy). No mechanical collimation was used for I-124. The influence of small high energy peaks (> 0.1%) on the main energy window contamination were evaluated. Furthermore, the effect of a scattering medium was investigated and the TEW (Triple Energy Window) correction was used for spectral-based scatter correction. Results show that I-123 gives best results with a LEHR collimator when the scatter correction is applied. Without correction, the ME collimator reduces the effects of high energy contamination. I-131 offers the worst results. This can be explained by the large amount of septal penetration from the photopeak and by the collimator which gives a low spatial resolution. I-124 gives the best imaging properties due to its electronic collimation (high sensitivity) and a short coincidence time window.
Introduction
Radionuclide Therapy is a promising technique for cancer treatment. However, this technique requires an accurate pretherapeutic patient-specific dosimetry. The latter is usually performed by directly imaging the uptake of the tracer in the body. This can be done either by imaging the radioactive tracer used for therapy or by replacing it by one of its isotopes, more suitable for imaging. Due to its beta-emission (606 keV, 90%), I-131 is often used for therapy. It also emits some photons that can be used for SPECT imaging. Their main emission energy peak is about 364 keV and requires the use of a HEAP collimator. However, its spectrum of emission is complex and some emission peaks, above 364 keV, cause high energy contamination [1] and degrade the dosimetry. I-123 is more suitable for imaging. The energy of its main gamma emission peak is 159 keV which is close to the 140 keV from Tc-99m for which gamma-camera design has traditionally been optimized. I-123 can be imaged in a SPECT system with a LEHR (Low Energy High Resolution) collimator, optimized for the Tc-99m (140 keV), or with a ME (Medium Energy) collimator, optimized for energies up to 300 keV. However, this radionuclide also emits peaks of a higher energy which again can be responsible for high energy contamination. Due to its emission of positrons (23% of the decays), I-124 is used in PET imaging. PET systems are using an electronic collimation based on interaction time. The emission spectrum of I-124 is also very complex [2] . In 50% of the cases, the emission of a positron is followed by the emission of a gamma of 602 keV, which is likely to create a false coincidence (similar to scattered coincidences) [3] . The aim of this study was to evaluate the image quality and quantify the impact of high energy contamination for each isotope. High energy contamination [4, 5] ends up in the main energy window by one or by a combination of the following effects: scatter in the object, Compton effect in the crystal, penetration of the collimator, and backscatter from the camera end parts (light guides, PMTs, lead ending).
Materials and Methods

Simulations and Reconstruction
These studies were performed on two simulated systems, the Philips Axis (SPECT) [6] for I-123 and I-131 and the Philips Allegro (PET) [7] for I-124. Two types of collimators were compared for I-123, as it is mainly imaged with a LEHR (Low Energy High Resolution) collimator or a ME (Medium Energy) collimator. I-131 was studied with a HEAP (High Energy All Purpose) collimator. The GATE (GEANT4 Application for Tomographic Emission) [8] package was used for the simulations. It is a Monte Carlo simulation tool well validated, and its use of the GEANT4 libraries offers a high accuracy. Gate models of the aforementioned scanners were extensively validated [6, 9] . The simulated data were reconstructed with the MLEM algorithm [10, 11] . The number of iterations was chosen to allow the better contrast with a reasonable level of noise for each of the isotopes (around 100 iterations in each case). The images were reconstructed in 2 dimensions and their matrix size was chosen to 256*256 pixels.
Spectrum analysis
This study aims to point out the proportion of contamination for each of the three isotopes. Those characteristics will help explaining the imaging possibilities of each isotope. The detected spectrum of each isotope (without collimator) is shown on figure 1. All the peaks representing more than 0.1% of the emission and that can be detected in the main energy window, have been investigated. To do so, a point source has been placed at 15 cm from the collimator. In order to better differentiate the history of detected photons, the sources have been simulated by their discrete energy peaks. For I-123, six peaks have been simulated (159 keV: 83%, 346 keV: 0.13%, 440 keV: 0.42%, 505 keV: 0.32%, 529 keV: 1.39%, 539 keV: 0.38%). Six peaks have also been simulated for I-131 (364 keV: 82%, 326 keV: 0.27%, 503 keV: 0.36%, 637 keV: 7.18%, 643 keV: 0.22%, 723 keV: 1.77%). For I-124, the source can not be decomposed in discrete energy peaks without changing the results because of the time coincidence between emission of positrons and gammas. This relation is important as it can create false coincidences. For this isotope, proportion of scatter and high energy contamination was quantified as a whole. For each of those isotopes, the efficiency of detection was calculated. Then the proportion of high energy contamination was determined and finally, the peaks responsible for that contamination were pointed out for the SPECT studies. The effect of a scattering medium (cylinder of water of 10cm radius and 18cm height centred in the source) was additionally investigated.
Resolution study
The PSF (Point Spread Functions) was studied for each isotope. A point source of 0.1 mm diameter, at the centre of the field of view, was acquired with the different systems and the sinograms were constructed. The radius of rotation of the camera was set to 15 cm. As the point source was placed in the centre of the scanner, the PSF was defined by the sum of all the angles of the sinograms. In order to quantify the resolution, the FWHM (Full Width at Half Maximum) and the FWTM (Full Width at Tenth Maximum) have been computed on the PSF. Those two parameters have been compared with or without a scattering medium (cfr. section 2.2). The influence of the TEW correction [12] was also investigated. This is a scatter correction method based on the estimation of the scatter in the main energy window by interpolating it from two adjacent energy windows. In this study, the main energy window was centered on the main energy peak of the isotope with a width of 20% of this energy (I-123: 143-175 keV, and I-131: 328-400 keV). The two other windows were adjacent to the main window with a width of 10% of the main energy (I-123: 135-143 keV and 175-183 keV, and I-131: 291-328keV and 400-437 keV).
Contrast Recovery Curves
A 2D source, composed of a circular background of 17 cm diameter and eight hotspots of diameters from 8 mm to 20 mm, was designed to study the contrast evolution with the size of the objects. The contrast between the hotspots and the background was set to 4:1. The effect of a scattering medium (cfr: section 2.2) was investigated. The contrast is defined as the ratio between the mean value in the object and the mean value in the background. The calculated contrast recovery factor is then the ratio between the contrast that has been found on the images and the contrast of the source. This parameter gives an estimation of the accuracy of quantification that can be achieved with the studied isotope without applying any kind of partial volume correction. The efficiency of detection for all of these isotopes is shown in figure 2 . When only the geometric photons are considered, the ME collimator offers a better efficiency (1.4 times the efficiency of the LEHR collimator) for I-123. Due to its electronic collimation, the efficiency that can be achieved with the I-124 is 96 times higher than the one achieved with I-131 and 155 times than the one with I-123 on a ME collimator. Figure 3 points out the influence of each high energy peak on the photopeak contamination. I-123 imaged with a LEHR collimator suffers from 49.1% of high energy contamination, compared to 7.8% with a ME collimator if no scattering medium is present. Those results are higher (LEHR: 63.9% and ME: 19.9%) with a scattering medium. The high energy contamination represents 35.9% for I-124 and 27.4% for I-131 with a scattering medium. Results for I-123 show that peaks of 0.4% of the emission can be responsible for up to 7.9% (539 keV) of contamination with a LEHR and without a scattering medium. With a scattering medium, this proportion of contamination goes up to 10.4%. The main peak responsible for contamination for I-123 is the 529 keV peak which represents 1.39% of the emission (LEHR: 28% and ME:4.8% without a scattering medium). For I-131, the main peak responsible for high energy contamination is the peak of 637 keV (12.5%). Figure 3 also shows for each emission peak, the proportion of penetration (photons which penetrates the collimator and that did not scatter in the collimator nor in the object), scatter (photons that scatter in the collimator or in the object) and geometric photons detected in the crystal. Although the amount of detected photons from the main energy peak is high for I-131, it is important to consider that a large amount from this peak is detected after septal penetration. This fraction is very important compared to the two other isotopes: 52% of the photons from the main energy peak are penetration photons compared to 18% for I-123 with a LEHR collimator and 3% for I-123 with a ME collimator. The PSF obtained for all of the isotopes, without a scattering medium, are shown in figure 4 . I-124 offers a better resolution than the two other isotopes. The curve of I-123 with the ME collimator shows the effects of the collimator (septas) which lowers the resolution. The use of a LEHR collimator is therefore better for good spatial resolution. For I-131, the septas of the collimator are clearly visible on the PSF and the resolution obtained is very poor. Results for both FWHM and FWTM are shown on figure 5. It shows that, for each isotope, the scattering medium is increasing the FWTM while the FWHM remains roughly the same. The TEW correction helps lowering the first effect. 
Results
Spectrum analysis
Resolution study
Contrast Recovery Curves
Reconstructed images used for the contrast study are displayed on figure 6. As shown on figure 7 , the best contrast recovery has been found for I-124. It reaches 0.935 for objects of 20mm diameter. I-123 with a ME collimator reaches better results than with a LEHR collimator when no TEW correction is applied (ME: 0.634 and LEHR: 0.617 for 20mm). However, the results are the contrary when the TEW correction is applied (ME: 0. 
Discussion
This study was performed with an accurate Monte Carlo simulator allowing us to store history of the detected events which is not possible with measured data. The number of simulated photons varied from 50000 detected photons in the photopeak window for the spectrum analysis to 1000000 for the imaging characteristics definitions. Those values were sufficient to obtain good statistics over the distribution of the energies and over the spatial distribution. However, to compare the imaging characteristics of the isotopes (spatial resolution and contrast recovery), the same source activity and equal acquisition time have been used. This aims to give comparable results between the isotopes. This study shows that, for SPECT, even small peaks of emission (> 0,1%) in the spectrum of those isotopes can have a high influence and degrade significantly the image quality. High energy contamination is mainly due to septal penetration in the collimator followed by Compton detection in the crystal and backscatter from the endparts. For those peaks, of a higher energy than the photopeak, scatter in the collimator or in the scattering medium has a lower influence. By looking at the spectrums of the I-123, one can clearly see that using a ME collimator helps lowering the influence of high energy contamination. However, contrast is also directly related to resolution. The results obtained for the contrast recovery can then be explained by those found for the resolution. I-123 is best imaged with a LEHR collimator when the TEW correction is applied while the use of a ME collimator is required when no scatter correction is made. Those results are a good approximation of what can be achieve for quantification by these isotopes. Even if I-131 does not suffer a lot from high energy contamination, it suffers from a lot of penetration from the main emission peak. This result and the one obtained for its spatial resolution explained the poor results for this isotope. I-124 offers the best image quality due to its electronic collimation which gives a better efficiency and resolution. The short coincidence window also limits influence of high energy peaks. Given those results, I-124 seems to be the more promising isotope for a pretherapeutic dosimetry study. Such a methodology has already been developed by Sgouros for I-131 cancer therapy [13] .
Conclusion
For imaging I-123, the use of a LEHR collimator is important when a good resolution is required. However, a ME collimator reduces the influence of the high energy peaks. For I-123 and for contrast, it is better to use a ME collimator when no scatter correction is applied. With TEW correction, it is then better to use a LEHR collimator because of the better spatial resolution. Due to its electronic collimation which gives a better efficiency and resolution than in SPECT, I-124 offers the best image quality. The short coincidence window also limits influence of high energy peaks. Due to its relatively high energy imaging peak, the use of a HEAP collimator is required to image I-131. The image quality that can be achieved with this collimator is much lower than the one that has been achieved with the I-123 or the I-124. This result can be explained by the important amount of septal penetration from the main energy peak.
